In this paper we discuss the X-ray point source population of NGC 4472, an elliptical galaxy in the Virgo cluster. We used recent deep Chandra data combined with archival Chandra data to obtain a 380 ks exposure time. We find 238 X-ray point sources within 3.7 of the galaxy centre, with a completeness flux, F X,0.5−2 keV = 6.3×10 −16 erg s −1 cm −2 . Most of these sources are expected to be low mass X-ray binaries. We finding that, using data from a single galaxy which is both complete and has a large number of objects (∼ 100) below 10 38 erg s −1 , the X-ray luminosity function is well fit with a single power law model. By cross matching our X-ray data with both space based and ground based optical data for NGC 4472, we find that 80 of the 238 sources are in globular clusters. We compare the red and blue globular cluster subpopulations and find red clusters are nearly six times more likely to host an X-ray source than blue clusters. We show that there is evidence that these two subpopulations have significantly different X-ray luminosity distributions. Source catalogues for all X-ray point sources, as well as any corresponding optical data for globular cluster sources, are also presented here.
INTRODUCTION
The Chandra X-ray Observatory (Weisskopf et al. 2000) has made it possible to carry out detailed studies of low mass X-ray binaries (LMXBs) beyond the Local Group, allowing us to probe these systems in a wide variety of galactic environments. LMXBs can be formed either at the end point of stellar evolution. These binaries can also be produced in globular clusters (GCs) via N-body capture (Clark 1975; Fabian et al. 1975; Hills 1976) or direct collisions between compact objects and red giant stars (Verbunt 1987 ). Yet, despite all we know about them, many unanswered questions about LMXBs still remain. Is the LMXB X-ray luminosity function universal across all galaxies? Is there a difference between LMXBs found in the field of the galaxy and those found in GCs? Why do these X-ray sources prefer red GCs over blue ones? The GC-LMXB relationship is of particular interest as these clusters appear to be a rich environment E-mail:
tana@ast.uct.ac.za; thomas.maccarone@ttu.edu; kraft@head.cfa.harvard.edu; sivakoff@ualberta.ca for LMXBs. It is necessary to study nearby elliptical galaxies and their GC systems to gain a better understanding of the issues related to LMXB formation and evolution.
NGC 4472 is a massive (8×10 11 M ; Côté et al. 2003) , nearby elliptical galaxy that is falling into the Virgo cluster (d = 16 Mpc; e.g. Macri et al. 1999) . It contains much less bright diffuse X-ray gas than other massive nearby ellipticals such as M 87 and NGC 1399, making it easier to probe fainter X-ray point sources within the galaxy. NGC 4472 has a system of roughly 6000 globular clusters (Rhode & Zepf 2001) and is therefore an excellent environment in which to study the GC-LMXB connection. Kundu et al. (2002) studied the X-ray point source population of NGC 4472 using a 40 ks Chandra observation and archival Hubble Space Telescope (HST ) data (see also Kundu & Whitmore 2001) . They considered only X-ray data from the Chandra ACIS-S3 chip and excluded the central 8 due to the high background in this region. A total of 144 X-ray sources were detected. This study found that the spatial distribution of the GCs, the GC-LMXBs and the field LMXBs were similar. They showed that 30 of the 72 LMXBs situated within the HST fields were coincident with GCs. The subsequent work of Maccarone et al. (2003, hereafter referred to as MKZ03) found no statistically significant differences between the X-ray properties of the GC and field LMXBs. These findings could imply that a significant proportion of field LMXBs were created in GCs and then ejected from the cluster due to dynamical interactions or the destruction of the cluster.
More recent deep Chandra data has become available for NGC 4472. By combining these data with archival observations we should be able to detect enough X-ray sources to carry out robust comparisons of various LMXB populations within the galaxy.
OBSERVATIONS AND DATA ANALYSIS
In this work we used both archival and recent Chandra observations of NGC 4472 to study its X-ray point source population. All the data were taken with ACIS-S. The most recent data were taken in 2011 on February 14 (Obs ID 12889) and February 21 (Obs ID 12888); with exposure times of 140 ks and 160 ks respectively. Two shorter observations of 40 ks each were also used, giving a total exposure time of 380 ks. The more recent of the two (Obs ID 11274; Maccarone et al. 2010 ) was taken on February 27 2010 and the oldest observation (Obs ID 321; Kundu et al. 2002) was taken on June 12 2000. These data are summarised in Table 1.
All the data sets were first reprocessed with the ciao 2 script chandra repro using calibration data from March 2011. New level two event files were created for all the observations using this script. The data were then checked for background flares and these were eliminated. The event files and images were restricted to the well calibrated 0.5-5 keV range using the ciao command dmcopy. Exposure maps were created for each CCD chip of each observation using the asphist, mkinstmap andmkexpmap scripts. PSF files were produced using mkpsfmap to determine the size of the PSF at each position on the images. The exposure maps and PSF file data were then used by the point source detection script wavdetect with a false source detection probability threshold of 10 −7 to correctly identify point sources in the images.
All sources within 8 of the galaxy centre were excluded to avoid the area of very high X-ray background, consistent with the work of Kundu et al. (2002) . Furthermore, only sources within 3.7 of the galaxy centre were included in this study, to avoid areas close to the CCD edges that were not adjacent to another CCD and to exclude the regions with substantially enlarged PSF. Thus we only include sources from ACIS-S3 and ACIS-S4 in this this work.
We obtained a counts-to-energy conversion factor by comparing the fluxes of two bright sources with their respective net count rate. The spectrum of a bright source that had a disk blackbody (diskbb) continuum with an inner disk temperature, kT = 1.5 keV, and one that had a power law (PL) continuum with Γ=1.7 were analysed in ISIS and fluxes and flux errors were obtained. The respective net count rates (net counts per source divided by the net exposure) and the corresponding errors were obtained from wavdetect. The counts-to-energy conversion factor was then calculated by dividing the flux obtained through spectral fitting by the net count rate of each source. These conversion factors were then used to calculate the X-ray fluxes for both diskbb and PL models for the rest of the X-ray point sources using their respective count rates. The errors for the flux values were calculated by using the flux errors obtained from ISIS for the two bright sources mentioned above and the errors on the count rate obtained from wavdetect and propagating them in the standard way.
A 4 σ completeness limit was calculated for the combined 380 ks data set. Using the smoothed background image of the data set created in wavdetect, the number of background counts at each source position was determined using the a region enclosing 90 % of the the source energy. This gives the background sensitivity as a function of position. The 4 σ upper limit was then calculated and these background counts were then converted to flux values using the counts-to-energy conversion factor. It was found that the diffuse X-ray emission in the central region of the galaxy dominated the background sensitivity and the completeness limit was determined based on the flux values in that region.
We made use of the topcat programme (Taylor 2005) to search for sources coincident with GCs found in both ground (Rhode & Zepf 2001) and space based (Jordán et al. 2009 ) optical observations. Rhode & Zepf (2001, hereafter referred to as RZ01) surveyed the GC system of NGC 4472 using B, V and R filters. The survey field covers the central 0.66 -23 region of the galaxy and 1465 GCs were detected. Jordán et al. (2009) surveyed the GC system of the inner region of NGC 4472 using the F475W and F850LP bandpasses as part of their Virgo Cluster Survey (VCS). These bandpasses are approximately equivalent to the Sloan g and z filters respectively and will be referred to as such in the rest of the is work. The VCS covers the central 3.3 × 3.3 of the galaxy (see Côté et al. 2004) ; 764 GCs were detected in this region of NGC 4472.
MKZ03, using Obs ID 321, found 30 X-ray sources coincident with GCs. They used archival HST observations that covered central region as well as the halo of NGC 4472 (see Fig. 1 in Kundu et al. 2002) and used V and I filters (see Kundu & Whitmore 2001) . We cross matched the GC source list of MKZ03 with our source catalogue using the Chandra coordinates to try to identify more GC X-ray sources.
We estimated the boresight corrections for the X-ray positions by calculating the weighted mean offset between obvious initial matches of the optical and X-ray data. The RZ01 data had offsets of -0.25 (RA) and -0.50 (DEC), while the VCS positions had offsets of 0.18 and 0.10 for RA and DEC respectively. These mean offsets were then applied to the X-ray positions.
We experimented with several different matching radii for the RZ01 and VCS catalogues. For the VCS catalogue, it was found that a matching radius of 0.5 produced only 36 matches between X-ray and optical sources whereas a 0.75 matching radius produced nearly twice as many. A 1" matching radius yielded as many matches as the 0.75" matching radius and thus we adopted the latter in our work.
For the RZ01 catalogue, we tried various matching radii in the range 0.75 -2 . We found that a matching radius of 1.25 provided a good number of matches without being so large as to include non-coincident sources. The false match probability for matches between the optical and X-ray data were determined by shifting each X-ray source position by a distance much greater than the matching radius and much smaller than the field of view and then seeing how many matches were found. In this case, the shift value used was 10 .
RESULTS AND DISCUSSION

X-ray point source population
We find 238 sources within 3.7 of the galactic centre, 70 of which are bright enough to be detected in all four observations. 191 sources are found to be brighter than 6.3×10 −16 erg s −1 cm −2 (0.5-2 keV; L X,0.5−5 keV =3.7×10 37 erg s −1 ), the 4 σ completeness limit for the combined data set. We expect roughly 10 of the X-ray sources to be background AGN at this completeness limit (Tozzi et al. 2001) . Data for AGN counts are generally given for a soft band (0.5-2 keV) and a harder band. Since it was not possible to find AGN XLF data present specifically for the 0.5-5 keV band we use in the rest of the paper, we present the 0.5-2 keV data for for the AGN data as well as our own X-ray point source data for NGC 4472. We also note that the soft band AGN slope is shallower than the hard band slope estimates, thus using the 0.5-2 keV AGN data provides a slight overestimate of the number of expected background AGN. These data are summarised in Fig. 1 .
A list of the X-ray luminosities of the sources can be found in Table 4 . A sample of this table is shown in Table 2 .
We have constructed the X-ray luminosity function (XLF) for NGC 4472 using multi-epoch data. One might therefore believe that the population of transient X-ray sources in the galaxy would lead to an incorrect XLF. However, Grimm et al. (2003) point out that XLFs created from Chandra observations of the same galaxy taken at different times and even from different parts of the galaxy were not significantly different from each other. Thus we expect that combining observations of NGC 4472 taken at different time, but covering the same area to create one XLF would not lead to an incorrect XLF. Sell et al. (2011) also found that source variability did not change the slope or normalisation of an XLF created from merged data sets taken at different epochs compared to XLFs created from individual observations.
We fit a power law function to the differential XLF, using only the completeness limited luminosity data. The function has the form Gilfanov 2004 ). To account for the background AGN contamination component we calculate the expected number of background AGN using the luminosity function from Tozzi et al. (2001) and subtract this contribution from the observed XLF. We used the xspec spectral fitting tool (Arnaud 1996) to fit the power law model to the XLF data, using the Cash statistic.
We find that the best fit parameters for the slope and normalisation are β = 2.03 ). The cumulative XLF was constructed by integrating the differential XLF and is shown in Fig. 2 .
The xspec goodness command was used to calculate the goodness-of-fit, using the Anderson-Darling test statistic, as this test is sensitive to differences between the model and the data at the edges of the distribution (see e.g. Maccarone et al. 2016 ). We ran 10 000 simulations with the goodness command to determine the null hypothesis probability. We find that our XLF data is well fit with a single power law model, with a null hypothesis probability of 0.24.
Other studies have found that the XLF for LMXBs in elliptical galaxies are better fit with a broken power law function due to a flattening of the luminosity distribution at low luminosities (LX 4 × 10 37 erg s −1 ; e.g. Voss & Gilfanov 2006) . Gilfanov (2004) suggested that this flattening is a ubiquitous property of the XLF for LMXBs. In the case of NGC 4472 itself, Kundu et al. (2002) found that the XLF required a broken power law fit, with a break at LX = 3 × 10 38 erg s −1 . This break is also seen in the XLF of other galaxies and it was suggested that this break corresponds to the transition in the XLF from neutron star to black hole binary luminosities (Sarazin et al. 2000) .
We also fit the XLF with a broken power law model, using the same fit statistic and AGN contamination component as for the single power law. −0.36 keV. The goodness command was used again with the Anderson-Darling test statistic; the null hypothesis was was to be 0.04%. This result indicates that the broken power law model is overfitting the data and the added complication of a broken power law model is not justified.
Therefore, since we find an acceptable fit to the data with only a single power law model, we do not consider a broken power law to be necessary to describe the XLF of NGC 4472. Indeed, showed that the flattening of the XLF slope at low luminosities is not seen in their ensemble of galaxy XLFs. They caution against the acceptance of the flattening as a general characteristic of the XLF across all galaxies, since factors such as incompleteness and multiple X-ray point source populations may not have Table 2 . A sample of the table of X-ray fluxes of the sources within 3.7 of the galaxy centre. The fluxes are in units of erg s −1 cm −2 . The PL and DBB subscripts denote the spectral model conversion factor used to calculate the flux. The "err" designation denotes flux errors. The flag column identifies sources that are interesting and/ or for which caution must be used when analysing the source properties. The key is as follows: bkg = source in an area of high background, c = wavdetect has misidentified or not detected the source in one of the observations, cg = the source is in or very close to a chip gap in one of the observations and GC = the source is associated with a globular cluster.
been taken into account in other studies. We note that NGC 4472 does not have multiple point source populations and we only use completeness limited sample, with ∼ 100 sources less luminous than 10 38 erg s −1 , to construct our XLF.
Globular cluster LMXB population
We find that a total of 80 of the 238 detected X-ray sources are associated with GCs, 68 with fluxes above the X-ray completeness limit. The X-ray and optical parameter values of these 80 sources can be found in Table 4 . A total of 233 X-ray sources lie within the RZ01 survey field and of these 40 were found to have a match with a RZ01 GC, with a subsample of 35 with fluxes above the X-ray completeness limit. The VCS field included 210 X-ray sources and 56 matches were found with this data, 46 of which have fluxes above the X-ray completeness limit. Cross matching the MKZ03 GC-LMXB catalogue yielded 24 sources that were matched to a X-ray source in our catalogue, with 23 sources above the Xray completeness limit. Three of these MKZ03 GC matches were not found in either the VCS or RZ01 catalogues. We estimate that there would be two and five false matches in the RZ01 and VCS samples respectively. For the purposes of our analysis, we apply X-ray and optical (see § 3.2.2) completeness cuts to our GC sample. A comparison of the RZ01 and VCS catalogues show that only 36 % of RZ01 GC sources are also found in the VCS catalogue in their overlapping region. Thus we also limit our analysis to field and GC sources that fall within the area covered by the VCS catalogue to ensure a cleaner sample of both GC and field sources for comparison. After applying these three cuts, we have a sample of 44 GC and 89 field LMXBs.
Field versus globular cluster LMXB populations
We compare the GC and field LMXB populations to ascertain whether the the two populations have significantly different X-ray properties. We find that there is not statistically significant difference between the mean 0.5-5 keV luminosity for the GC-LMXB 1.1±21.1 × 10 38 erg s −1 and field LMXB populations 1.2±1.3 × 10 38 erg s −1 . These values and findings are consistent with those found by Kundu et al. (2002) for their smaller sample of NGC 4472 LMXBs.
The Anderson-Darling (AD) test was performed on the luminosities of the GC and field samples to quantify any differences between the two distributions. We find that the probability that the GC and field LMXB luminosities are drawn from the same sample is at least 25 %. The findings of previous studies of other elliptical galaxies (see e.g. ) as well as that of the previous study of NGC 4472 (Kundu et al. 2002) do not find any significant difference be- tween the two luminosity distributions. Fig. 3 shows the normalised log N-log S plots for both the GC and field LMXB populations.
However, we note that our completeness limit is 3.7×10 37 erg s −1 and therefore we do not sample the same low luminosity range as other studies. For example, using samples with completeness limits 10 3 7 erg s −1 , Voss et al. (2009), Kim et al. (2009) and Zhang et al. (2011) find that the luminosity functions for field and GC-LMXB populations differ significantly for sources with LX 4 × 10 37 erg s −1 , with fewer faint sources in the GC population. It is then perhaps not surprising that we do not see the flattening of the XLF slope at low luminosities since our completeness limited sample contains very few sources fainter than 4×10 37 erg s −1 .
In addition, Lehmer et al. (2014) and Peacock & Zepf (2016) find a flatter slope for the XLF of the GC-LMXB population compared to that of the field population, which implies a difference between the XLFs at the bright end of the distribution as well. We performed an AD test on the just the bright (LX > 10 38 erg s −1 ) end of our GC and field luminosity distributions and find that the the probability that the GC and field bright end XLFs are statistically similar is at least 25%. Thus our findings are that the field and GC-LMXB luminosity distributions are statistically indistinguishable, which is in contrast to the findings of other studies.
The radial distance distributions of the GC and field LMXB populations were also analysed. For the GC source list, both X-ray and optical completeness was taken into account (see next section for optical completeness data). The average radial distance of field and GC sources was found to be 1.3 ± 0.7 and 1.5 ± 0.6 respectively. We perform an AD test and find the probability that the two radial distance distributions are drawn from the same sample to be 14 %.This result is similar to that of Kundu et al. (2002) who found that the probability that the GC and field sources were drawn from the same radial distribution population could not be ruled out at greater than the 30 % level.
Red versus blue globular cluster subpopulations
We compare the red and blue GC subpopulations to try and determine the role that GC colour, and hence metallicity, plays in LMXB formation. For some of the analysis, we combine our VCS, RZ01 and MKZ03 GC samples. This does not present a problem, even though not all GC sources have RZ01 or MKZ03 counterparts and vice versa. Colour bimodality is an intrinsic property of GC systems (Ashman & Zepf 1998) . Therefore, for analysis that only requires the source to be labelled blue or red, it does not matter which photometric system was used to measure the colour of the GC. Once a GC colour has been determined and the GC has been assigned the red or blue qualitative property, we can use that to carry out further analysis. The colour bimodality of the GC system of NGC 4472 is well known and has been quantified by VCS, RZ01 and MKZ03.
For the VCS GC sample, the g − z colour distribution is also bimodal, with peaks at roughly 1.1 and 1.45 and a dividing g − z colour of approximately 1.17 (see Fig. 6 in Jordán et al. 2009 ). RZ01 found that their GC sample has a bimodal B − R colour distribution with peaks at 1.1 and 1.35, with a dividing B − R colour of 1.23. MKZ03 found that their GCs had a dividing colour of V − I = 1.10, with blue and red peaks at 0.98 and 1.23 respectively. We combined the three samples and applied both X-ray and optical completeness limits, where the 100 % optical completeness limits are V ∼ 23.5 (RZ01), g = 23.3 and z = 22.2 (VCS) and V ∼ 23.5 (MKZ03). This yielded a sample of 54 GCs hosting X-ray sources. We then found two GCs for which the colour assignments did not match across the three catalogues; these two clusters were not included in the analysis. The final completeness limited sample therefore consists of 37 red and 7 blue GCs. Figure 4 shows the VCS versus RZ colours for the clusters that appear in both catalogues. There is good agreement between the colours across the catalogues. The two sources for which there is a disagreement between the colours are also shown.
The ratio of red to blue GCs hosting X-ray sources to be 5.3±3.0. When we account for the slightly larger number of blue GCs across the three samples, we find that ratio of red to blue GCs hosting X-ray ray sources to be 5.8±2.8. Previous studies (see e.g. Kundu et al. 2002; Jordán et al. 2004; Sivakoff et al. 2007 ) have found that red GCs are roughly three times more likely to host a LMXB than blue GCs. Jordán et al. (2004) provide the figure with the largest error, 3±1.
The mean 0.5-5 keV luminosity for the red and blue subpopulations are 1.1±1.2 × 10 38 erg s −1 and 1.3±0.4 × 10 38 erg s −1 respectively; they are statistically indistinguishable. However, using an AD test, we find the probability that the two X-ray luminosity distributions are drawn from the same sample to be only 4.9 %. Thus there is evidence that the red and blue GC-LMXB populations have different luminosity functions. This result is in contrast to the findings of Kim et al. (2013) and Peacock & Zepf (2016) who found that the XLFs of red and blue subpopulations were similar across a large luminosity range.
The radial distributions of the red and blue GC subpopulations were analysed. The mean radial distances for red and blue GC subpopulations were found to be 1.6 ± 0.8 and 2.0 ± 0.6 respectively. Using an AD test, we find that the probability of the two distributions being drawn from the same sample is 18 %. Thus there is no evidence to suggest that red and blue GC subpopulations have different radial distributions.
CONCLUSIONS
We have found 238 X-ray point sources in the central 3.7 of NGC 4472; of which 191 were brighter than the 4 σ completeness limit of 6.3×10 −16 erg s −1 cm −2 (0.5-2 keV to reside in GCs. We have shown that there is no significant difference between the X-ray luminosities of the LMXBs in the field and those found in GCs.
Our study also shows that within the GC-LMXB population, the X-ray sources are preferentially found in red GCs at a ratio of roughly six to one. Our analysis of the red and blue GC subpopulations shows that they have indistinguishable radial distributions. However, there is evidence to suggest that the luminosity distributions of the red and blue GC-LMXB populations differ significantly, in contrast to other GC-LMXB systems.
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